A cytogenetic analysis of Loricaria cataphracta revealed a diploid number of 2n = 64 chromosomes, distributed as 12 metacentric + 8 submetacentric + 2 subtelocentric + 42 acrocentric, with a fundamental number of 86. Analysis of the nucleolus organizing region (NOR) using silver nitrate impregnation and fluorescence in situ hybridization (18S rDNA probe) techniques showed intra-population chromosomal polymorphism that could be classified into five different patterns
ABSTRACT.
A cytogenetic analysis of Loricaria cataphracta revealed a diploid number of 2n = 64 chromosomes, distributed as 12 metacentric + 8 submetacentric + 2 subtelocentric + 42 acrocentric, with a fundamental number of 86. Analysis of the nucleolus organizing region (NOR) using silver nitrate impregnation and fluorescence in situ hybridization (18S rDNA probe) techniques showed intra-population chromosomal polymorphism that could be classified into five different patterns (I to V), involving four pairs of chromosomes (8, 9, 12, and 13) . In pattern I, the NOR was located in pair 12, whereas in pattern II, the NOR was detected in pair 8; these two patterns were characterized as a simple-NOR system. A multiple NOR system was evident in the other patterns (III, IV, and V). In pattern III, the NOR was located in
INTRODUCTION
Loricaridae is one of the largest families of fish from the Neotropics, comprising approximately 834 species distributed across 96 genera (Eschmeyer and Fong, 2012) , and consists of six subfamilies: Hypoptopomatinae, Hypostominae, Loricariinae, Neoplecostominae, Lithogeneinae, and Delturinae (Reis et al., 2006) . Despite the fact that the subfamily Loricariinae is one of the most diversified among all Loricariids, being composed of approximately 270 species of catfish (Eschmeyer and Fong, 2012) , cytogenetic studies of this subfamily are scarce. However, Loricariinae shows large karyotype variability, with diploid numbers ranging from 2n = 36 chromosomes in Rineloricaria latirostris (Giuliano-Caetano, 1998 ) to 2n = 74 chromosomes in Sturissoma cf. nigrirostrum (Artoni and Bertollo, 2001) .
The genus Loricaria Linnaeus, 1758, contains 15 valid species (Thomas and Rapp PyDaniel, 2008; Thomas and Pérez, 2010) , and cytogenetic studies have been conducted in eight species of this genus, revealing variation in the chromosome number in this fish group, ranging from 2n = 52 in Loricaria sp (Oliveira et al., 1998) to 2n = 64 in Loricaria cataphracta (cited as Loricaria carinata, Roncati et al., 1999) and Loricaria sp (Scavoni and Júlio-Jr., 1994) . Moreover, supernumerary chromosomes were also detected in both Loricaria sp and L. prolixa, which are considered to be the first reports of these chromosomes in the subfamily Loricariinae (Scavone and Júlio-Jr., 1994) .
Nucleolus organizing regions (NORs) have been extensively studied in the subfamily Loricariinae, and the majority of its species show a simple-NOR system, indicating conservative evolution for this group. However, multiple NOR systems have also been characterized in Rineloricaria lanceolata (Porto, 2012) and Rineloricaria pentamaculata .
Polymorphisms of the NOR have been observed in some Loricariinae species, revealing inter-and intra-population variation, although the latter has been relatively rare (Galetti Jr., 1998) . Several mechanisms have been proposed to explain these polymorphisms, including chromosomal rearrangements, gene expression variation, and transposable elements for postzygotic modifications and transposition of copies of rDNA cistrons, which are considered to be the main factors responsible for these variations in both the position and number of NORs (Galetti Jr. et al., 1995; Santi-Rampazzo et al., 2008) .
Because cytogenetic data in the genus Loricaria are scarce, the objective of the present study was to analyze the karyotype of one L. cataphracta population and to describe intrapopulation polymorphisms of its NORs using different techniques: silver nitrate impregnation (Ag-NOR), fluorescence in situ hybridization (FISH; with an 18S rDNA probe), chromomycin A 3 (CMA 3 ), 4',6-diamidino-2-phenylindole (DAPI), and C-band.
MATERIAL AND METHODS
Seventeen specimens of L. cataphracta (Figure 1 ) obtained from the Córrego do Onça, a tributary of the Taquari River (upper Paraguay basin) in Coxim, Mato Grosso do Sul, Brazil, were analyzed. Mitotic chromosomes were obtained according to the air-drying technique described by Bertollo et al. (1978) . NORs were detected using Ag-NOR (as described by Howell and Black, 1980) and by FISH, using 18S rDNA probes (amplified and cloned from Oreochromis niloticus) following the methodology described by Pinkel et al. (1986) . The C-band technique (Sumner, 1972) was employed for constitutive heterochromatin analysis. Staining with the specific base fluorochromes, CMA 3 and DAPI, was performed following the procedure described by Schweizer (1980) . Identification of chromosomes was accomplished according to the arm ratio criteria (AR) suggested by Levan et al. (1964) , as follows: metacentric chromosome (m: AR = 1.00-1.70), submetacentric chromosome (sm: AR = 1.71-3.00), subtelocentric chromosome (st: AR = 3.01-7.00), and acrocentric chromosome (a: AR > 7.01).
RESULTS
L. cataphracta specimens showed a diploid number of 2n = 64 chromosomes with a karyotypic formula of 12m + 8sm + 2st + 42a chromosomes, and a fundamental number of 86 (Figure 2) . F.E. Porto et al. Analyses of the NOR by different techniques (i.e., Ag-NOR, FISH, CMA 3 , DAPI, and C-band) revealed five different patterns (I-V) among individuals, indicating an intra-population polymorphism in the rDNA distribution (patterns I to V; Figures 3 and 4) . Most individuals examined presented a simple-NOR system, which was detected in two patterns (patterns I and II; Figures 3 and 5) . In pattern I, NOR sites were observed in the interstitial position of the long arm of the first pair of acrocentric chromosomes (pair 12; Figure 5 ), whereas in pattern II, the NOR was detected near the centromeric region on the long arm of the medium-sized submetacentric chromosome (pair 8; Figure 5 ). In addition, three other patterns with multiple-NOR systems were observed (III, IV, and V; Figures 4 and 5) . In pattern III, the NOR was evident in only one of the homologs in pairs 12 and 8 ( Figure 5) . In other patterns, the NOR was also detected in pair 12 (same as pattern I), but additional NOR sites were located in one of the homologs of a submetacentric chromosome, pair 9 (pattern IV; Figure 5 ) and an acrocentric chromosome, pair 13 (pattern V; Figure 5 ). Fluorescent CMA 3 bands were observed coincident with Ag-NOR signatures, which, in contrast, showed negative DAPI staining. C-banding analysis revealed that all NORs were heterochromatic (positive C-band), thus characterizing a polymorphism of constitutive heterochromatin distribution (Figures 3, 4 , and 5). 
DISCUSSION
Few cytogenetic studies have been conducted on the genus Loricaria, which shows variation in chromosome numbers ranging from 2n = 52 in Loricaria sp (Oliveira et al., 1998) to 2n = 64 in L. cataphracta (Roncati et al., 1999 ; this study) and Loricaria sp (Scavone and Júlio-Jr., 1994) , and a high number of acrocentric chromosomes. Therefore, the diploid number (2n = 64) found in the present study corroborates with previous data from L. cataphracta and other species of the Loricaria genus.
Simple NORs have been reported in most species of the family Loricariidae, and is therefore considered to be a plesiomorphic feature of this group (Artoni and Bertollo, 1996) . Simple NORs have also been detected in many of the species of the Loricariinae subfamily, whereas only one population of R. pentamaculata and one population of R. lanceolata (Porto, 2012) showed a multiple-NOR system.
In the present study, both simple-and multiple-NOR systems were observed, demonstrating a polymorphism of NORs with five patterns detected (I, II, III, IV, and V). Preferential NOR sites, which were present in most of the patterns (except for pattern II), were detected in at least one of the homologs of pair 12 ( Figure 5 ). Thus, in most individuals, NOR sites of chromosome pair 12 remained constant, and was therefore considered to be the main nucleolar organizer for the population.
Polymorphisms of the NOR are relatively common in fish, especially in the Salmonidae and Characidae families, which show both intra-and inter-individual variation of these regions (Galetti Jr., 1998; Castro et al., 1996 Castro et al., , 2001 Jankun et al., 2001; Santi-Rampazzo et al., 2008) . Although inter-individual variations of NORs are considered to be relatively rare in fish, some have been identified in Leporinus friderici (Galetti Jr. et al., 1995) , Serrapinnus notomelas (Santi-Rampazzo et al. 2008) , in the genus Symphysodon (Gross et al., 2010) , R. lanceolata (Porto, 2012) , and in L. cataphracta (present study).
Some events have been suggested to explain NOR variations in the fish karyotype, including the occurrence of post-zygotic modifications involving these chromosome sites (Galetti Jr. et al., 1995) and the presence of transposable elements adjacent to ribosomal genes, which may have caused dispersal of these genes throughout the genome (Santi-Rampazzo et al., 2008; . F.E. Porto et al. Sequences that are similar to transposable elements, such as mariner-like elements, have been identified in fish, and have been associated with NORs in Gobius niger (Mandrioli et al., 2000) and Tetraodon fluviatilis (Mandrioli and Manicardi, 2001) . In invertebrates, transposable elements that are associated with specific regions of the genome may contribute to inactivation of this gene, such as long interspersed elements associated with rRNA (28S) in Drosophila melanogaster (Eickbush and Furano, 2002 ).
An analysis of NORs in S. notomelas revealed an intra-population polymorphism classified into six different patterns, with pattern I corresponding to the presence of ribosomal sites in a single-nucleolar pair (Santi-Rampazzo et al., 2008) . These authors suggested that this was due to transposition of rDNA genes from this main pair to other sites in the genome. Similarly, L. cataphracta has a main nucleolar pair (pair 12), suggesting that rDNA genes are likely associated with mobile transposable elements. Additional NOR sites may be found in different chromosome types, as observed in patterns III, IV, and V. These results might reflect the transposition of rDNA genes located on pair 12 into different places in the genome (pairs 8, 9 and 13). However, the absence of the main nucleolar pair in pattern II might also indicate that other mechanisms are involved, in which ribosomal genes were instead cleaved and removed from pair 12 to another site in the genome (pair 8). Therefore, these transpositions may be due to sending copies of rDNA genes and/or cleavage removal and reinsertion into sites that have sequences that are homologous with the inserts.
The NORs revealed a positive C-band, and consequently, polymorphisms involving constitutive heterochromatin were also detected (Figures 3 and 4) , confirming the various patterns described in this study. It is possible that constitutive heterochromatin, which flanks the rDNA, follows these genes regardless of the mechanism involved in driving this variation. C-band variations associated with NORs have also been observed in S. notomelas (Santi-Rampazzo et al., 2008) . Moreover, CMA 3 staining revealed bright signals equivalent to NOR-bearing GC-rich chromosomal segments, and these regions were also negatively stained by DAPI. Associations of NOR sites with GC-rich sites are relatively common in fish (Artoni et al., 1999; Ráb et al., 1999 ).
An association between transposable elements and constitutive heterochromatin has also been observed in teleost fish. Mapping of the transposable elements Rex1, Rex3, and Rex6 in some species of fish revealed that they are preserved and compartmentalized in pericentromeric heterochromatic regions, suggesting that transposable elements are part of the structure and organization of heterochromatin (Valente et al., 2011) .
Transposable elements are responsible for significant karyotypic variations in fish, including the formation of sex chromosomes, supranumerary chromosomes, associations with NORs, and in the evolution of the teleost genome .
Intra-population differences in the distribution of rDNA, such as observed in the present study, have been observed more and more frequently with increasing numbers of studies and the use of combined techniques to detect this region. Nonetheless, cytogenetic studies in the genus Loricaria remain rare. A detailed chromosomal analysis, as performed in the present study, demonstrates that mechanisms such as transposable elements, in addition to chromosomal rearrangements, can significantly contribute to the transformation of the genome during karyotype evolution of the group.
